INTRODUCTION
============

Duchenne muscular dystrophy (DMD) is an X-linked monogenic neuromuscular disease caused by mutations in the *DMD* gene, which encodes dystrophin ([@R1], [@R2]). Dystrophin, together with dystroglycans and sarcoglycans, maintains sarcolemma integrity and stability by interacting with intracellular actin and extracellular laminin ([@R3]--[@R5]). More than 4000 mutations have been identified in patients with DMD, including single- and multiexon deletions or duplications and small missense or nonsense substitutions ([@R6], [@R7]). Patients with DMD manifest progressive muscle weakness and ultimately develop fatal respiratory and cardiac failure in their mid-20s.

To date, two clinical therapies are available for DMD treatment, including steroid supplementation and morpholino antisense oligomer injection ([@R8], [@R9]). Long-term corticosteroid supplement partially alleviates DMD pathological phenotypes but cannot restore dystrophin expression. Morpholino antisense oligomers allow skipping of mutant *DMD* exons, but less than 1% of normal levels of dystrophin protein can be restored by this treatment ([@R9]). In addition, several clinical trials are currently evaluating the therapeutic benefits of truncated versions of dystrophin delivered by adeno-associated virus (AAV) ([@R10]). However, these gene replacement therapies cannot restore the expression of endogenous dystrophin protein and are dependent on the expression pattern of the exogenous promoters within the AAV, as well as the longevity of AAV expression. Thus, developing a strategy for permanent and efficient correction of mutations in the endogenous *DMD* gene may provide an ultimate cure for this lethal neuromuscular disorder.

Application of the CRISPR-Cas (clustered regularly interspaced short palindromic repeats and CRISPR-associated proteins) system for engineering site-specific DNA double-stranded breaks (DSBs) provides simplicity and precision in mammalian genome editing ([@R11]--[@R13]). We and others showed that the CRISPR-Cas system can be used to efficiently correct missense mutations in mouse models of DMD by homology-directed repair--based germline editing or nonhomologous end joining (NHEJ)--based postnatal editing ([@R14]--[@R22]). While missense and nonsense substitutions only account for \~20% of *DMD* mutations, single- or multiexon deletions are more prevalent (\~68%) in DMD populations ([@R6], [@R7]). We recently reported the successful rescue of DMD phenotypes in mice and dogs harboring exon 44 or 50 deletions by injecting recombinant AAV9-packaged Cas9 nuclease and single guide RNAs (sgRNAs) ([@R23]--[@R25]). These studies demonstrated that the CRISPR-Cas system can be deployed to correct diverse genetic mutations that cause DMD and offer the prospect of a potential gene therapy for the permanent correction of DMD.

Currently, the most widely used delivery vector for gene therapy is recombinant AAV, which is a non-enveloped virus with a single-stranded linear DNA viral genome ([@R26]). As the largest tissue in the human body, skeletal muscle accounts for \~40% of body weight. Therefore, a high dose of AAV \[5.5 × 10^14^ to 1.8 × 10^15^ vector genomes (vg)/kg\] is required to achieve long-term, efficient genome editing in animal models of DMD ([@R20]--[@R22], [@R25]). However, several studies in large animals reported that systemic administration of high doses of AAV (≥ 1.5 × 10^14^ vg/kg) may cause acute liver toxicity ([@R27], [@R28]). In addition, in our previous study, we found that the efficiency of in vivo CRISPR-Cas9--mediated genome editing was highly dose dependent and that elevating the dose of sgRNA AAV relative to Cas9 AAV enhanced the efficiency of genome editing ([@R25]). Moreover, it has been suggested that the sgRNA AAV genome is preferentially depleted after systemic delivery of CRISPR-Cas9 genome editing components ([@R21]). Therefore, systemic delivery of CRISPR-Cas9 genome editing components by a high dose of single-stranded AAV (ssAAV) for the treatment of DMD remains challenging.

To reduce the viral dose used for gene therapy without compromising genome editing efficiency and to prevent preferential depletion of the sgRNA AAV genome, we packaged a CRISPR sgRNA expression cassette into a double-stranded AAV vector. A double-stranded AAV genome can be generated by mutating the terminal resolution site sequence on one side of the inverted terminal repeats (ITR), leading to production of self-complementary AAV (scAAV) ([@R29], [@R30]). Unlike conventional ssAAV, scAAV can bypass the second-strand synthesis, which is a rate-limiting step for gene expression ([@R31], [@R32]). Moreover, double-stranded scAAV is less prone to DNA degradation after viral transduction, thereby increasing the number of copies of stable episomes ([@R33], [@R34]). The scAAV system has been used in several gene replacement clinical trials for the treatment of spinal muscular atrophy and limb-girdle muscular dystrophy ([@R35], [@R36]).

In this study, we performed in vivo genome editing in mice with a deletion of *Dmd* exon 44 (∆Ex44) by coupling ssAAV-packaged *Sp*Cas9 nuclease with scAAV-expressed sgRNAs. This dual AAV delivery system provided substantial improvements in viral transduction efficiency, genome editing, and functional recovery in skeletal muscles and heart. Notably, at least 20-fold less scAAV was required to achieve these improvements compared to the ssAAV-treated cohort. Thus, the scAAV system represents a promising strategy for delivering CRISPR-Cas9 genome editing components and represents an important advancement toward potential therapeutic translation.

RESULTS
=======

Strategies for CRISPR-Cas9--mediated genome editing of *Dmd* exon 45
--------------------------------------------------------------------

Deletion of exon 44 of the human *DMD* gene generates a premature stop codon in exon 45 and represents one of the most common mutations of DMD. As a strategy to correct exon 44 out-of-frame deletion mutations, we designed an sgRNA to target the splice acceptor region of exon 45 ([Fig. 1A](#F1){ref-type="fig"}). This sgRNA recognizes a 5′-TGG-3′ protospacer adjacent motif (PAM) in exon 45 and generates insertions and deletions (INDELs) 7 base pairs downstream of the 5′-AG-3′ splice acceptor site ([Fig. 1B](#F1){ref-type="fig"}). Depending on the size of INDELs, two types of NHEJ-mediated DNA repair events can restore the open reading frame (ORF) of the *Dmd* gene. These include exon 45 skipping, if the INDEL is large enough to delete the 5′-AG-3′ splice acceptor sequence in exon 45, or reframing of exon 45 through INDELs that either insert one nucleotide (3n + 1) or delete two nucleotides (3n − 2) ([Fig. 1A](#F1){ref-type="fig"}).

![Strategies for CRISPR-Cas9--mediated genome editing in *Dmd* ∆Ex44 mice.\
(**A**) An out-of-frame deletion of *Dmd* exon 44 results in splicing of exons 43 to 45, generating a premature stop codon in exon 45. A CRISPR-Cas9--mediated "single-cut" strategy was designed to restore the open reading frame (ORF) of the *Dmd* gene. If the genomic insertions and deletions (INDELs) result in one nucleotide insertion (3n + 1) or two nucleotide deletion (3n − 2), then exon 45 will be reframed with adjacent exons 43 and 46. If the INDEL is large enough to delete the 5′-AG-3′ splice acceptor sequence, then exon 45 will be skipped, resulting in splicing of exon 43 to exon 46. (**B**) Illustration of sgRNA targeting *Dmd* exon 45. This sgRNA recognizes a 5′-TGG-3′ PAM in exon 45 and generates a cut 7 base pairs downstream of the 5′-AG-3′ splice acceptor site. (**C**) Illustration of AAV vectors used to deliver the sgRNA expression cassette. Three copies of the same sgRNA are driven by three RNA polymerase III promoters, U6, H1, and 7SK. The top vector produces ssAAV. A 2.3-kb stuffer sequence was cloned into the ssAAV vector for optimal packaging. The bottom vector produces double-stranded scAAV. (**D**) Analysis of total INDEL event in 5-day differentiated myotubes transduced with scAAV- or ssAAV-packaged sgRNA at multiple doses. Data are presented as mean ± SEM (*n* = 3). (**E**) Analysis of the +1-nt insertion event in 5-day differentiated myotubes transduced with scAAV- or ssAAV-packaged sgRNA at multiple doses. Data are presented as mean ± SEM (*n* = 3).](aay6812-F1){#F1}

To test whether double-stranded scAAV is capable of packaging sgRNAs, we cloned the sgRNA expression cassette into an scAAV vector and the conventional ssAAV vector as a control ([Fig. 1C](#F1){ref-type="fig"}). Alkaline denaturing gel electrophoresis was performed to confirm the integrity of both AAVs (fig. S1). The size of ssAAV-sgRNA is 3.9 kilonucleotides (knt) and remains unchanged after alkaline gel electrophoresis. The size of scAAV-sgRNA is 1.4 kilo--base pairs and is doubled to 2.8 knt under denaturing conditions, indicative of the double-stranded viral genome.

In vitro genome editing using ssAAV or scAAV-packaged sgRNA
-----------------------------------------------------------

To compare the efficiency of ssAAV- and scAAV-packaged sgRNAs in vitro, we differentiated *Sp*Cas9-expressing C2C12 mouse myoblasts for 5 days to myotubes and transduced the myotubes with each of the AAVs. One week after viral transduction, we performed tracking of INDELs by decomposition (TIDE) analysis to detect INDELs within the *Dmd* exon 45 region. We found that the total INDELs exhibited a dose-dependent curve for both ssAAV- and scAAV-expressed sgRNA 1 week after viral transduction ([Fig. 1D](#F1){ref-type="fig"}). Specifically, to reach a 10% level of INDELs, scAAV (5 × 10^8^ vg/ml) and ssAAV (1 × 10^10^ vg/ml) were required, representing a 20-fold increase in efficiency of scAAV. To reach an intermediate level of INDELs of \~22%, 40-fold less scAAV (1.8 × 10^9^ vg/ml) was required compared to ssAAV (7.8 × 10^10^ vg/ml). Furthermore, a high level of INDELs (over 40%) was achieved by scAAV (7.2 × 10^9^ vg/ml), whereas ssAAV required 5 × 10^12^ vg/ml, representing a 70-fold improvement in efficiency with scAAV. We also analyzed the INDEL composition in myotubes transduced with ssAAV or scAAV and found that \~50% of total INDEL events contained a +1-nt insertion, which can bring exon 45 in-frame with exon 43 ([Fig. 1E](#F1){ref-type="fig"}). Therefore, scAAV-expressed sgRNA demonstrated enhanced efficiency by in vitro genome editing at *Dmd* exon 45 compared to the conventional ssAAV-expressed sgRNA. Moreover, the majority of the INDEL events (more than 50%) contained a single nucleotide insertion, which is able to restore the *Dmd* exon 45 ORF.

Systemic delivery of scAAV-packaged sgRNAs restores dystrophin expression in ∆Ex44 mice
---------------------------------------------------------------------------------------

To further evaluate the efficacy of the scAAV system by in vivo genome editing, we delivered ssAAV-packaged *Sp*Cas9 and scAAV- or ssAAV-packaged sgRNA systemically in ∆Ex44 mice through intraperitoneal injection. The AAV9 serotype was chosen because of its tropism to skeletal muscle and heart ([@R37]). Moreover, *Sp*Cas9 expression was driven by a muscle-specific promoter containing key regulatory elements derived from creatine kinase (CK) promoter and enhancer, restricting its expression to striated muscles ([@R38]). Recent studies demonstrate that AAV-packaged sgRNA is the rate-limiting factor for in vivo genome editing in dystrophic mouse models ([@R21], [@R25]). Therefore, we kept ssAAV-packaged *Sp*Cas9 at a constant dose of 8 × 10^13^ vg/kg while titrating scAAV- or ssAAV-packaged sgRNA at multiple doses. Four weeks after systemic AAV delivery, the skeletal muscles and heart of CRISPR-Cas9--edited ∆Ex44 mice were harvested for analysis. By immunohistochemistry, we found that dystrophin restoration in skeletal muscles was dose dependent ([Fig. 2](#F2){ref-type="fig"} and fig. S2). Mice receiving the lowest dose of scAAV-packaged sgRNA (4 × 10^12^ vg/kg) showed 40 and 32% dystrophin-positive myofibers in the tibialis anterior (TA) and triceps, respectively; the diaphragm and heart showed higher percentages of dystrophin-positive myocytes, reaching 95% ([Fig. 2](#F2){ref-type="fig"} and fig. S3A). In contrast to the scAAV-treated cohort, ∆Ex44 mice receiving the lowest dose of ssAAV-packaged sgRNA (4 × 10^12^ vg/kg) showed less than 5% dystrophin-positive myofibers in the TA and triceps; the diaphragm and heart showed 52 and 61% dystrophin-positive myocytes, respectively (figs. S2 and S3B). When the dose of scAAV-packaged sgRNA was increased to 1.6 × 10^13^ vg/kg, virtually all myofibers and cardiomyocytes were dystrophin positive ([Fig. 2](#F2){ref-type="fig"} and fig. S3A). For the ssAAV-treated cohort (1.6 × 10^13^ vg/kg), the diaphragm and heart showed more than 75% of dystrophin-positive myocytes; however, dystrophin-positive myofibers in the TA and triceps were still below 18% (figs. S2 and S3B).

![Systemic AAV delivery of CRISPR-Cas9 genome editing components to ∆Ex44 mice rescues dystrophin expression.\
Immunohistochemistry shows restoration of dystrophin in the tibialis anterior (TA), triceps, diaphragm, and heart of ∆Ex44 mice 4 weeks after systemic delivery of ssAAV-packaged *Sp*Cas9 and scAAV-packaged sgRNA. The *Sp*Cas9 vector was kept at a constant dose of 8 × 10^13^ vg/kg. The dose of the sgRNA vector is shown in the figure. Dystrophin is shown in green. *n* = 5 for each muscle group. Scale bars, 100 μm.](aay6812-F2){#F2}

Next, we performed Western blot analysis to quantitatively detect dystrophin restoration in skeletal muscles and heart after systematic delivery of scAAV- or ssAAV-packaged sgRNA. The lowest dose of scAAV-packaged sgRNA (4 × 10^12^ vg/kg) restored 18, 14, and 50% of dystrophin protein in the TA, triceps, and diaphragm, respectively ([Fig. 3, A and B](#F3){ref-type="fig"}). When the dose of scAAV-packaged sgRNA was increased to 1.6 × 10^13^ vg/kg, dystrophin protein restoration in each skeletal muscle group was greater than 50% ([Fig. 3, A and B](#F3){ref-type="fig"}). Notably, saturation was observed in the heart because at every dose of scAAV tested, dystrophin protein restoration exceeded 70% ([Fig. 3, A and B](#F3){ref-type="fig"}). Although ssAAV-packaged *Sp*Cas9 was injected at a constant dose (8 × 10^13^ vg/kg), ∆Ex44 mice receiving a higher dose of scAAV-packaged sgRNA showed elevated Cas9 protein expression in skeletal muscles and heart ([Fig. 3, A and C](#F3){ref-type="fig"}), which is consistent with our previous publication when dosing ssAAV-packaged sgRNA ([@R25]). In contrast to the scAAV-treated cohort, ∆Ex44 mice receiving ssAAV-packaged sgRNA showed significantly lower efficiency in dystrophin restoration by Western blot quantification (fig. S4). Specifically, mice receiving the highest dose of ssAAV (8 × 10^13^ vg/kg) showed only 13, 16, and 30% of normal dystrophin protein levels in the TA, triceps, and diaphragm, respectively (fig. S4). This was incomparable to the mice treated with scAAV because more than 80% of dystrophin protein was restored after receiving the same dose of scAAV-packaged sgRNA ([Fig. 3, A and B](#F3){ref-type="fig"}). Therefore, scAAV-expressed sgRNA demonstrated greater efficiency in in vivo genome editing compared to the conventional ssAAV-expressed sgRNA.

![Western blot analysis of skeletal muscles and heart of ∆Ex44 mice receiving systemic AAV delivery of CRISPR-Cas9 genome editing components.\
(**A**) Western blot analysis shows restoration of dystrophin expression in the TA, triceps, diaphragm, and heart of ∆Ex44 mice 4 weeks after systemic delivery of ssAAV-packaged *Sp*Cas9 and scAAV-packaged sgRNA. The *Sp*Cas9 vector was kept at a constant dose of 8 × 10^13^ vg/kg. The dose of the sgRNA vector is shown in the figure. Vinculin was used as the loading control (*n* = 3). (**B**) Quantification of dystrophin expression in the TA, triceps, diaphragm, and heart. Relative dystrophin intensity was calibrated with vinculin internal control before normalizing to the WT control. Data are presented as mean ± SEM. One-way ANOVA was performed with post hoc Tukey's multiple comparisons test. \*\**P* \< 0.005, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 (*n* = 3). (**C**) Quantification of Cas9 expression in the TA, triceps, diaphragm, and heart. Relative Cas9 intensity was calibrated with vinculin internal control before normalizing to the group treated with the lowest dose of scAAV-packaged sgRNA (4 × 10^12^ vg/kg). Data are presented as mean ± SEM. One-way ANOVA was performed with post hoc Tukey's multiple comparisons test. \**P* \< 0.05, \*\**P* \< 0.005 (*n* = 3).](aay6812-F3){#F3}

Systemic delivery of scAAV-packaged sgRNAs restores muscle integrity and improves muscle function in ∆Ex44 mice
---------------------------------------------------------------------------------------------------------------

To evaluate whether systemic delivery of scAAV-packaged sgRNAs was able to rescue pathological hallmarks seen in dystrophic mice, we performed hematoxylin and eosin (H&E) staining of skeletal muscles and heart isolated from ∆Ex44 mice 4 weeks after CRISPR-Cas9--mediated genome editing. The percentage of regenerating myofibers with central nuclei declined, as the dose of scAAV-packaged sgRNA increased (figs. S5 and S6). Less than 5% of myofibers showed central nuclei in the TA and triceps in mice receiving scAAV-packaged sgRNA (1.6 × 10^13^ vg/kg) (figs. S5A and S6A). In contrast, mice receiving the same dose of ssAAV-packaged sgRNA still showed more than 70% of regenerating myofibers with central nuclei, together with signs of muscle necrosis and inflammatory infiltration (figs. S5B and S6B). In addition, skeletal muscles isolated from mice receiving the highest dose of scAAV-packaged sgRNA (8 × 10^13^ vg/kg) were virtually indistinguishable from those of wild-type (WT) littermates, whereas the ssAAV-treated cohort still showed 30% central nuclei in the TA and triceps (figs. S5 and S6).

To examine the effect of dystrophin restoration on muscle function after systemic delivery of scAAV- or ssAAV-packaged sgRNA, we performed electrophysiological analyses on the extensor digitorum longus (EDL) and soleus muscles isolated from ∆Ex44 mice 4 weeks after receiving the middle dose of AAV-sgRNA (1.6 × 10^13^ vg/kg) or the high dose of AAV-sgRNA (8 × 10^13^ vg/kg). Without CRISPR-Cas9 genome editing, muscle-specific force, which was calibrated by the muscle cross-sectional area, was reduced by 46% in fast-twitch EDL muscle and by 42% in slow-twitch soleus muscle ([Fig. 4, A and B](#F4){ref-type="fig"}). After systemic delivery of scAAV-packaged sgRNA, muscle-specific force of the EDL was increased from 54 to 83% and to 82% for the middle and high doses, respectively; in contrast, for the ssAAV-treated cohort, muscle-specific force of the EDL was only increased from 54 to 62% and to 66% for the middle and high doses, respectively ([Fig. 4A](#F4){ref-type="fig"}). For the slow-twitch soleus muscle, muscle-specific force was increased from 58 to 93% and to 96% after receiving the middle and high doses of scAAV-packaged sgRNA; in contrast, for the ssAAV-treated cohort, only high-dose treatment was able to improve muscle-specific force of the soleus to 85%, while no improvement was observed with the middle dose ([Fig. 4B](#F4){ref-type="fig"}). The maximal tetanic force of the EDL and soleus followed a similar pattern to the muscle-specific force. Specifically, ∆Ex44 mice receiving the middle or high doses of scAAV-packaged sgRNA showed improved maximal tetanic force of the EDL muscle to more than 80% of WT, whereas the ssAAV-treated cohort was only able to improve 60% of WT ([Fig. 4C](#F4){ref-type="fig"}). The maximal tetanic force of the soleus was improved to more than 90% of WT after receiving the middle or high doses of scAAV-packaged sgRNA; the high dose of ssAAV-packaged sgRNA improved the maximal tetanic force of the soleus to 85% of WT, while the middle dose did not provide any improvement ([Fig. 4D](#F4){ref-type="fig"}). After receiving the middle and high doses of scAAV-packaged sgRNA, serum CK levels in the ∆Ex44 mice were reduced by 87 and 95%, respectively, compared with ∆Ex44 mice without treatment (fig. S7). In contrast, serum CK levels in the ∆Ex44 mice receiving the same doses of ssAAV-packaged sgRNA were still 18.6- and 8.5-fold higher, respectively, than the WT littermates (fig. S7). These findings indicate that the double-stranded scAAV vector is highly efficient in in vivo gene therapy and can substantially improve muscle integrity and function.

![Rescue of skeletal muscle function after systemic AAV delivery of CRISPR-Cas9 genome editing components.\
(**A** and **B**) Specific force (mN/mm^2^) of the extensor digitorum longus (EDL) (A) and soleus (B) muscles in WT, ∆Ex44 mice untreated, and ∆Ex44 mice treated with ssAAV-packaged *Sp*Cas9 and scAAV- or ssAAV-packaged sgRNA. The *Sp*Cas9 vector was kept at a constant dose of 8 × 10^13^ vg/kg. The dose of the sgRNA vector is shown in the figure. Data are presented as mean ± SEM. One-way ANOVA was performed with post hoc Tukey's multiple comparisons test. \**P* \< 0.05, \*\**P* \< 0.005, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 (*n* = 6). (**C** and **D**) Maximal tetanic force of the EDL (C) and soleus (D) muscles in WT, ∆Ex44 untreated mice, and ∆Ex44 mice treated with ssAAV-packaged *Sp*Cas9 and scAAV- or ssAAV-packaged sgRNA. The *Sp*Cas9 vector was kept at a constant dose of 8 × 10^13^ vg/kg. The dose of the sgRNA vector is shown in the figure (*n* = 6).](aay6812-F4){#F4}

The scAAV system induces significant INDELs within *Dmd* exon 45 and maintains higher copies of the viral genome in vivo
------------------------------------------------------------------------------------------------------------------------

To determine the mechanism whereby the scAAV system substantially improves in vivo genome editing in ∆Ex44 mice, we performed deep sequencing analysis to determine the INDEL frequency at the genomic level ([Fig. 5A](#F5){ref-type="fig"} and table S1). The percentage of total genomic INDELs and +1-nt insertions at exon 45 correlated with ascending doses of AAV-sgRNA. ∆Ex44 mice receiving the high dose (8 × 10^13^ vg/kg) of scAAV-packaged sgRNA showed more than 28 and 30% of the total NHEJ events in the TA and triceps, respectively ([Fig. 5A](#F5){ref-type="fig"}). Notably, more than 60% of the total NHEJ events were +1-nt insertions, which restores the *Dmd* exon 45 ORF. In contrast, the TA and triceps from ∆Ex44 mice receiving the same dose of ssAAV-packaged sgRNA had only 10 and 11% of the total NHEJ events ([Fig. 5A](#F5){ref-type="fig"}). We did not observe a significant difference between scAAV and ssAAV in inducing total NHEJ and +1-nt insertion events in the diaphragm or heart ([Fig. 5A](#F5){ref-type="fig"}). We observed a low percentage of AAV integration events at the sgRNA targeting site in ssAAV- and scAAV-treated mice (table S1).

![The scAAV vector induces significant INDELs at the genomic and cDNA level.\
(**A** and **B**) Genomic INDEL analysis by deep sequencing (A) and dystrophin cDNA INDEL analysis by TIDE analysis (B) of the TA, triceps, diaphragm, and heart of ∆Ex44 mice 4 weeks after systemic delivery of ssAAV-packaged *Sp*Cas9 and scAAV or ssAAV-packaged sgRNA. The *Sp*Cas9 vector was kept at a constant dose of 8 × 10^13^ vg/kg. The dose of the sgRNA vector is shown in the figure. Data are presented as mean ± SEM. Two-way ANOVA was performed with post hoc Tukey's multiple comparisons test. \**P* \< 0.05, \*\**P* \< 0.005, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001 for the total NHEJ event (*n* = 3). \#\#*P* \< 0.005, \#\#\#*P* \< 0.001, \#\#\#\#*P* \< 0.0001 for the +1-nt insertion event (*n* = 3).](aay6812-F5){#F5}

We also performed TIDE analysis on dystrophin cDNA transcripts isolated from skeletal muscles and heart. Total cDNA INDEL rate and +1-nt insertion events at exon 45 followed similar ascending patterns seen in the genomic deep sequencing analysis, while the absolute percentage increased significantly ([Fig. 5B](#F5){ref-type="fig"}), indicating enrichment of the reframed cDNA transcript after nonsense-mediated decay of unedited transcript with a premature stop codon in exon 45. These findings indicate that the scAAV system is highly efficient in inducing INDELs at the targeted genomic locus, and most of the INDEL events contain +1-nt insertions, which is able to repair the out-of-frame mutation in *Dmd* exon 45.

Next, we performed quantitative polymerase chain reaction (PCR) analysis to detect viral genome copies in the skeletal muscles and heart of ∆Ex44 mice 4 weeks after systemic delivery of AAV--CRISPR-Cas9 genome editing components. Mice receiving scAAV treatment showed significantly higher copy numbers of sgRNA viral genomes than those receiving the same dose of ssAAV-packaged sgRNA ([Fig. 6A](#F6){ref-type="fig"}). Moreover, the sgRNA transcripts transcribed from the scAAV vector were also significantly higher than those transcribed from the ssAAV vector (fig. S8A). These findings indicate that there is a substantial depletion of the ssAAV-packaged sgRNA vector in skeletal muscles in vivo. Although the dose of the Cas9 vector was kept constant at 8 × 10^13^ vg/kg during initial systemic injection, the viral genomes of the Cas9 vector in the TA and triceps persisted with higher copies from mice receiving the scAAV-packaged sgRNA vector than those receiving the same dose of the ssAAV-packaged sgRNA vector ([Fig. 6B](#F6){ref-type="fig"}). However, AAV-Cas9 viral genomes showed relatively high copies in the diaphragm and heart independent of the identity of AAV-sgRNA vector ([Fig. 6B](#F6){ref-type="fig"}). These findings are consistent with Cas9 cDNA transcript analysis (fig. S8B). Together, these data suggest that the high efficiency of scAAV-mediated in vivo genome editing is attributed to higher viral genome persistence of the sgRNA vector and Cas9 vector.

![∆Ex44 mice sustain higher copies of viral genome after systemic delivery of scAAV-packaged sgRNA.\
(**A** and **B**) sgRNA viral genome copy number (A) and Cas9 viral genome copy number (B) quantification from skeletal muscles and heart of ∆Ex44 mice 4 weeks after systemic delivery of ssAAV-packaged *Sp*Cas9 and scAAV- or ssAAV-packaged sgRNA. The *Sp*Cas9 vector was kept at a constant dose of 8 × 10^13^ vg/kg. The dose of the sgRNA vector is shown in the figure. Data are presented as mean ± SEM. One-way ANOVA was performed with post hoc Tukey's multiple comparisons test. \**P* \< 0.05, \*\**P* \< 0.005, \*\*\*\**P* \< 0.0001 (*n* = 3).](aay6812-F6){#F6}

DISCUSSION
==========

Owing to nonpathogenic and low-immunogenic characteristics, recombinant AAV has been chosen as a delivery vector for multiple gene therapy clinical trials, and three have been approved for treating lipoprotein lipase deficiency, inherited retinal dystrophy, and spinal muscular atrophy ([@R39]). In this study, we developed a new genome editing strategy in which the Cas9 nuclease is encoded by conventional ssAAV, while sgRNAs are expressed by double-stranded scAAV. After a single high-dose systemic injection of this dual AAV system into ∆Ex44 mice (Cas9 vector, 8 × 10^13^ vg/kg; sgRNA vector, 8 × 10^13^ vg/kg), dystrophin protein expression in multiple muscle groups was restored by \~80%, and skeletal muscle function was improved by \~82% in fast-twitch EDL muscle and by \~96% in slow-twitch soleus muscle. A low dose of scAAV-expressed sgRNAs (4 × 10^12^ vg/kg) is sufficient to restore 18, 14, and 50% of dystrophin protein in the TA, triceps, and diaphragm, respectively, representing a 20-fold improvement in efficiency compared with the ssAAV-packaged sgRNA vector. Several potential explanations may account for these observations. First, it has been widely accepted that most recombinant AAV genomes persist as double-stranded episomes in vivo, in the form of either circular or linear concatemers ([@R40]--[@R42]). During the concatemerization process, the double-stranded DNA intermediate is an indispensable prerequisite. Thus, the scAAV undergoes concatemerization more rapidly than ssAAV because scAAV-based concatemerization bypasses second-strand synthesis, which is a rate-limiting step for ssAAV ([@R31], [@R32]). Second, it has been reported that monomeric viral genome degradation is slower in scAAV-transduced skeletal muscle compared with ssAAV ([@R33]). Therefore, scAAV is more stable than ssAAV during initial viral transduction, leading to higher episomal persistence in the long term. Third, DNA DSBs in postmitotic cells are repaired by the classical NHEJ pathway, which requires the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) ([@R43]). It is known that DNA-PKcs is required for AAV viral genome concatemerization in AAV-transduced skeletal muscle ([@R44]). In this study, we found that scAAV-packaged sgRNA leads to a higher incidence of DNA DSB at the target site. This may induce higher DNA-PKcs expression, which, in turn, facilitates AAV concatemerization and long-term gene expression. We found higher viral genome persistence of both sgRNA vector and Cas9 vector in mice treated with scAAV-packaged sgRNA. In summary, the scAAV-sgRNA delivery system has many appealing features, including stable persistence of AAV viral genomes, higher INDEL frequency at the targeted genomic locus, and highly efficient genome editing in vitro and in vivo at low viral dose.

Initial studies of Cas9-induced DNA DSBs suggested that the breakage point was blunt-ended ([@R12], [@R45]). However, molecular dynamics simulations of the *Sp*Cas9-sgRNA-dsDNA system suggest that *Sp*Cas9-induced cleavage generates a staggered cut, producing a single nucleotide 5′ overhang at the breakage point, which is prone to be filled with one additional nucleotide by the DNA polymerase, leading to a high frequency of +1-nt insertion after NHEJ-mediated repair ([@R46], [@R47]). On the basis of this mechanism, our laboratory developed CRISPR-Cas9--mediated "single-cut" technology and successfully restored the ORF of *Dmd* exon 51 in mice and dogs with exon 50 deletion and *Dmd* exon 45 ORF in mice lacking exon 44 ([@R23]--[@R25]). This technology, in theory, can be applied to correct diverse mutations in any exon containing a single-nucleotide out-of-frame deletion ([@R48]). However, there remains another group of mutations in which the frameshift mutation needs to be reframed by 3n + 2 insertions or 3n − 1 deletion. In such cases, the CRISPR-Cas9--mediated "single-cut" repair strategy may be less efficient. Several studies have shown that it is possible to restore the *Dmd* ORF by removing one or multiple exons by using two sgRNAs ([@R17]--[@R22]). However, this "double-cut" strategy is only effective when two cooperative DNA DSBs occur simultaneously. If the first DNA DSB is rapidly rejoined by NHEJ-mediated repair, then the second DSB alone is not sufficient to excise the entire exon. Moreover, a high frequency of AAV ITR integration events is observed at the Cas9 target site when two sgRNAs are used to excise large genomic intervening regions ([@R22], [@R49]). Therefore, the CRISPR-Cas9--mediated "single-cut" repair strategy has unique advantages, including predictable DNA repair outcome, minimum genomic modification at a precise location, and low frequency of off-target effects.

Nevertheless, many questions remain unaddressed for AAV-delivered CRISPR-Cas9--mediated therapeutic genome editing. The first concern is the potential for adaptive immune responses elicited by AAV capsid protein and Cas9 nuclease. It has been reported that AAV-neutralizing antibodies, anti-*Sp*Cas9 antibodies, and *Sp*Cas9-specific T cells are found in the human population ([@R50]--[@R53]). While no apparent immune response to AAV or Cas9 was observed in neonatal mice, it remains unclear whether this observation will also apply to humans. Potential solutions to address these concerns include (i) large-scale functional variant profiling of AAV and *Sp*Cas9 for epitope mutagenesis to block antibody binding, (ii) plasmapheresis to reduce neutralizing antibody titer, and (iii) transient immunosuppression ([@R54]). The second concern is durability of CRISPR-Cas9--mediated therapeutic genome editing. Our deep sequencing analysis in multiple skeletal muscle samples showed an average of 21% editing events at the genomic level, among which, 75% of editing events are effective and able to restore the *Dmd* ORF. Moreover, recent studies in the *mdx* mouse model of DMD showed that sustained genome editing and dystrophin expression can be observed for 12 to 18 months after a single intravenous injection of AAV9-encoded *Sa*Cas9 (Cas9 derived from *Staphylococcus aureus*) ([@R21], [@R22]). However, skeletal muscle contains stem cells capable of undergoing de novo myogenesis and contributing to preexisting myofibers ([@R55]). Whether these events will gradually dilute out genome-edited, dystrophin-positive myofibers in the long term remains to be determined. In this study, we were able to restore more than 70% of dystrophin expression in the heart. In addition, adult human cardiomyocytes have a very low turnover rate (from 1% at the age of 25 to 0.45% at the age of 75) ([@R56], [@R57]). Thus, in theory, long-term clinical benefit by CRISPR-Cas9--mediated genome editing should be sustained in the human heart.

In summary, a low dose of scAAV-delivered CRISPR-Cas genome editing components is sufficient to restore dystrophin protein expression, reduce DMD pathological phenotypes, and improve muscle function in a DMD mouse model. Therefore, this robust scAAV delivery system combined with the efficient CRISPR-Cas9 genome editing technology represents a promising therapy for permanent correction of diverse genetic mutations in neuromuscular diseases.

MATERIALS AND METHODS
=====================

Study design
------------

This study was designed with the primary aim of investigating the feasibility of using the scAAV system to deliver the CRISPR-Cas9 genome editing components for the correction of DMD mutations. The secondary objective was to compare the efficiency between the conventional ssAAV and scAAV in delivering CRISPR sgRNA for in vivo therapeutic genome editing. We did not use exclusion, randomization, or blind approaches to assign the animals for the experiments. For each experiment, sample size reflects the number of independent biological replicates and was provided in the figure legends.

AAV vector cloning and viral production
---------------------------------------

The sgRNA targeting mouse *Dmd* exon 45, listed in table S2, was first cloned into TRISPR-sgRNA-CK8e--green fluorescent protein plasmid, a modified gift from D. Grimm, using Golden Gate Assembly (New England Biolabs). A detailed cloning protocol was previously described ([@R23]). The sgRNA expression cassette containing three copies of the same sgRNA driven by the U6, H1, and 7SK promoter was PCR-amplified and subcloned into the pSJG scAAV plasmid, a gift from S. Gray, or into the pSSV9 single-stranded AAV plasmid (ssAAV plasmid), using In-Fusion Cloning Kit (Takara Bio). A 2.3-kb stuffer sequence was cloned into the ssAAV plasmid for optimal viral packaging. Both the scAAV and the ssAAV genome contain the same sgRNA expression cassette, consisting of three copies of sgRNA sequence driven by three RNA polymerase III promoters. Cloning primers are listed in table S2. All AAV viral plasmids were column-purified and digested with Sma I and Ahd I to check ITR integrity. AAVs were packaged by Boston Children's Hospital Viral Core, and serotype 9 was chosen for capsid assembly. AAV titers were determined by Droplet Digital PCR (Bio-Rad Laboratories) according to the manufacturer's protocol. Primers and probes used for titration are listed in table S2.

Alkaline agarose gel electrophoresis
------------------------------------

AAV virus (2 × 10^11^ vg) was equalized with water to 13 μl and digested with 10 μl of deoxyribonuclease (DNase) solution \[10 mM tris-HCl (pH 7.5), 10 mM CaCl~2~, 10 mM MgCl~2~, and DNase (0.1 mg/ml)\] at 37°C for 1 hour, followed by chelating Mg^2+^ and Ca^2+^ with 5 μl of 0.5 M EDTA. Then, the capsid was denatured by adding 2 μl of 10% SDS. The reaction mixture was mixed with 6 μl of 6× alkaline agarose gel loading dye (Alfa Aesar) and loaded into 1% alkaline agarose gel. Denaturing gel electrophoresis was performed in a cold room at 50 V for 15 hours. The gel was neutralized with neutralization buffer \[0.5 M tris-HCl (pH 7.5) and 1 M NaCl\] and stained with SYBR Gold (Thermo Fisher Scientific) for visualization.

In vitro AAV viral transduction in C2C12 myotubes
-------------------------------------------------

Cas9-expressing C2C12 myoblasts were cultured in 96-well dishes with growth medium \[Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum\] until reaching 90% confluency. Then, the myoblasts were allowed to differentiate in myotubes in differentiation medium (DMEM with 2% horse serum) for 5 days. Two hours before viral transduction, myotubes were treated with *Vibrio cholerae* neuraminidase (50 mU/ml) (Sigma-Aldrich), followed by washing with differentiation medium twice ([@R58]). Myotubes were incubated with varying doses of scAAV or ssAAV and centrifuged at 1000*g* at 4°C for 1.5 hours. After spin transduction, the virus was aspirated, and the myotubes were washed with differentiation medium three times. The myotubes were cultured in differentiation medium for an additional week before genomic DNA isolation for INDEL analysis.

In vivo AAV delivery into ∆Ex44 mice
------------------------------------

Postnatal day 4 ∆Ex44 mice were injected intraperitoneally with 80 μl of AAV9 viral mixture containing AAV9-*Sp*Cas9 (8 × 10^13^ vg/kg) and varying doses of scAAV- or ssAAV-packaged sgRNA using an ultrafine BD insulin syringe (Becton Dickinson). The doses of scAAV- or ssAAV-packaged sgRNA are indicated in the figure legends. Four weeks after systemic delivery, ∆Ex44 mice and WT littermates were dissected for physiological, biochemical, and histological analysis. Animal work described in this manuscript has been approved and conducted under the oversight of the University of Texas Southwestern Institutional Animal Care and Use Committee.

Genomic DNA and RNA isolation, cDNA synthesis, and PCR amplification
--------------------------------------------------------------------

Genomic DNA of mouse C2C12 myotubes, skeletal muscles, and heart was isolated using DirectPCR (cell) Lysis Reagent (Viagen Biotech) according to the manufacturer's protocol. Total RNA of skeletal muscles and heart was isolated using miRNeasy (QIAGEN) according to the manufacturer's protocol. cDNA was reverse-transcribed from total RNA using SuperScript III First-Strand Synthesis SuperMix (Thermo Fisher Scientific) according to the manufacturer's protocol. PCR amplification was performed as previously described ([@R25]). Primer sequences are listed in table S2.

INDEL analysis of cDNA
----------------------

INDELs in cDNA were analyzed using the TIDE software package (<https://tide.deskgen.com>). Briefly, the sgRNA sequence targeting mouse *Dmd* exon 45 was first uploaded to the software to define *Sp*Cas9-mediated DSB site. Then, the CRISPR-Cas9--edited sequence and non-edited control sequence were uploaded and aligned using Smith-Waterman local alignment algorithm. The percentage of INDELs was calculated on the basis of the relative abundance of aberrant nucleotides over the length of the whole sequence trace.

Amplicon deep sequencing analysis of genomic DNA
------------------------------------------------

PCR of genomic DNA was performed using primers designed against the *Dmd* exon 45 region. A second round of PCR was performed to add Illumina flow cell binding sequence and barcodes. All primer sequences are listed in table S2. Deep sequencing and data analysis were performed as previously described ([@R25]).

AAV viral genome copy number quantification
-------------------------------------------

The AAV viral genome copy number was determined by quantitative PCR using custom-designed primers (table S2). The primer sets used in AAV-sgRNA and AAV-Cas9 viral genome quantification were annealed to the 7SK promoter and Cas9 gene, respectively. The threshold cycle value of each reaction was converted to the viral genome copy number by measuring against the copy number standard curve of the AAV plasmids used for AAV packaging in this study. Mouse 18*S* ribosomal RNA gene was used as the reference gene to calibrate genomic DNA quantity.

Dystrophin and *Sp*Cas9 Western blot analysis
---------------------------------------------

Heart and skeletal muscles were crushed and lysed with lysis buffer \[10% SDS, 62.5 mM tris (pH 6.8), 1 mM EDTA, and protease inhibitor\]. A total of 50 μg of protein was loaded onto 4 to 20% Criterion TGX Precast Midi Protein Gel (Bio-Rad Laboratories). Details of Western blot running, transferring, and developing were previously described ([@R25]). Primary antibodies used in Western blot were mouse anti-dystrophin antibody (MANDYS8, Sigma-Aldrich, D8168), mouse anti-Cas9 antibody (Clone 7A9, Millipore, MAC133), and mouse anti-vinculin antibody (Sigma-Aldrich, V9131). Secondary antibodies used in Western blot were goat anti-mouse horseradish peroxidase (HRP) antibody or goat anti-rabbit HRP antibody (Bio-Rad Laboratories).

Histological analysis of skeletal muscle and heart
--------------------------------------------------

Skeletal muscles and heart were cryosectioned into 8-μm transverse sections. Immunohistochemistry was performed as previously described ([@R25]). Antibodies used in immunohistochemistry were mouse anti-dystrophin antibody (MANDYS8, Sigma-Aldrich, D8168) and Mouse on Mouse biotinylated anti-mouse IgG (BMK-2202, Vector Laboratories).

Electrophysiological analysis of isolated EDL and soleus muscles
----------------------------------------------------------------

Four weeks after systemic AAV--CRISPR-Cas9 genome editing, EDL and soleus muscles from ∆Ex44 mice and WT littermates were isolated for electrophysiological analysis, as previously described ([@R25]). Specific force (mN/mm^2^) was calculated by normalizing contraction force to muscle cross-sectional area.

Statistics
----------

All data are shown as means ± SEM. One-way analysis of variance (ANOVA) or two-way ANOVA was performed with post hoc Tukey's multiple comparisons test. *P* \< 0.05 was considered statistically significant.
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Fig. S1. Alkaline denaturing gel electrophoresis confirms integrity of AAV vectors.

Fig. S2. Systemic delivery of CRISPR-Cas9 genome editing components by single-stranded AAV vector to ∆Ex44 mice rescues dystrophin expression.

Fig. S3. Whole muscle scanning of immunohistochemistry of TA, triceps, diaphragm, and heart of CRISPR-Cas9--corrected ∆Ex44 mice.

Fig. S4. Western blot analysis of skeletal muscles and heart of ∆Ex44 mice treated with ssAAV-packaged CRISPR-Cas9 genome editing components.

Fig. S5. Muscle histology of ΔEx44 mice after systemic delivery of AAV expressing CRISPR-Cas9 genome editing components.

Fig. S6. Whole-muscle scanning of H&E staining of TA, triceps, diaphragm, and heart of CRISPR-Cas9--corrected ∆Ex44 mice.

Fig. S7. Serum CK analysis of CRISPR-Cas9--corrected ∆Ex44 mice.

Fig. S8. ∆Ex44 mice express more Cas9 and sgRNA transcripts after systemic delivery of scAAV-packaged sgRNA.

Table S1. Deep sequencing analysis of CRISPR-Cas9--corrected ∆Ex44 mice.

Table S2. Primers used in this study.
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